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We studied the crystal structure of double perovskite Ca2TiMnO6 using ab initio density functional theory
(DFT) calculations. We used the atomic positions given by the X-ray diffraction (XRD) data, in order to
create a primitive lattice cell structure using visualization software Material Studio. Such sophisticated
structure was found in tetragonal perovskite system, with space group with I4/m (#87) and lattice
parameter of a ¼ b ¼ c ¼ 5.32 Å. The exchange-correlation potential was treated with the Local Density
Approximation (LDA) method. The calculations were performed with spin-polarization. The bandgaps for
up-spin, net zero and down-spin were reported to be 1.051 eV, 0.988 eV and 1.806 eV respectively. The
magnetic element Mn had an impact in tuning the bandstructure when the spin was induced. In sum-
mary, this double perovskite emits light when at the down spin state. The energy bandgap is opened, by
63 meV from net zero spin state to the up-spin state. Also, the PDOS illustration explains the reasons
behind the changes in the bandstructure, between the up-spin, down-spin and net-zero spin, due to the
shifts in the 3 d5 orbital states.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Perovskite, a rare mineral to be found on earth, with the
structure of ABO3. The chemical compound was discovered in the
Ural Mountain by Gustav Rose in 1839, named after the Russian L.A
Perovski (1792e1856) [1]. The structure [2] consisted of both cat-
ions atom A and atom B, where the size of A is larger than B. They
were being connected by the oxygen atoms, which is the anions in
this case. According to the crystal structure, the position of atoms
was found by using the XRD data [3]. The rare-earth elements A-
site cations were situated on the corner-side of the lattice. The B-
side cations were transition elements in 3 d, 4 d or 5 d states. The
limitations of perovskite were studied by the fact of its reaction in
relation with sphene [4]. The double perovskite with the structure
of A2BB’O6, where the positions of B atoms were split into B and B0
respectively [5]. More than two types of cations on A and B could
produce distortion in the lattice and made the lattice rotate. That
would change the optical, electrical and elastic properties [6]. That
constructed a conventional cell with eight cubes consisting of
cation A in its center, B and B0 cations along its edges.B.V. This is an open access article uIn relating the valence state of the compound to the spin,
Nakagawa et al. has studied the 57Fe Mossbauer in regarding the
valence state of Mo and Fe. “Interpreted with the high spin of
(S ¼ 5/2) Fe3þ. With small reservation toward a small possibility of
high spin of (S ¼ 2) Fe2þ. Consequently, Mo was assigned to
5 þ valence state, the spin of which is ½.” [7e9]. Similarly, the Mn
was assigned to the 5 þ valence state, the spin which is ½.
Kobayashi et al. has also pointed out, the coupling between Fe3þ
andMo5þ (in this case, Ti3þ andMn5þ) is found to be ferromagnetic
and hence there is a magnetic moment effect [7]. On the Fe (Ti) site,
there is a decrease of the net spin from 5/2 to 2. This is because
there is no local magnetization on the Mo (Mn) site as the Mo5þ ion
(Mn5þ) is itinerant, so the electron of such ion is found to be anti-
ferromagnetic coupled. This is explained by Linden et al. [10].
The variation of the structural properties brought the beneﬁts in
sensors and devices for clinical technologies. In the literature of Shi
et al. the Ca2TiMnO6 was reported to be the colossal dielectric
material [11]. Wang et al. performed dielectric properties, investi-
gating the polaronic relaxation in similar materials at low tem-
perature [12]. The magnetic and ferroelectric responses were
explored by Burgos et al. [13]. We carried out theoretical simula-
tions with the computational methods provided in exploring ma-
terial properties. Materials such as A2BB’O6 had properties in suchnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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[14]. What has made the material unique in double perovskite ac-
cording to Kim et al., was the magnetic transition temperature
found higher than the superconducting temperature. Such essen-
tial material was used in memory device and spintronic applica-
tions [15]. This work was in explicit compared with the FP-LAPW
work being carried out, using PBE of GGA [16] by Lopez et al. [17].
2. Computational methods
Ab. initio DFT calculation [18] was performed by using LDA
approach, with the exchange-functional method of Ceperly-Alder,
Pardew-Zunger CA-PZ [19,20]. A plane-wave energy cutoff of
340 eV and Monkhorst-Pack [21] k-point grid of 3  3  4 were
sufﬁcient in making the electron system to converge, using CASTEP
(Cambridge-Sequential-Total-Energy-Package) code [22]. In this
work, the Ultrasoft Pseudopotential is applied [23]. The ionic cores
for Ca, Ti, Mn and O are represented Troullier-Martin scheme [24].
The valence bands were treated with 3d electrons, while the con-
duction bands were treated with 3p, 4s electrons. For Ca atoms the
conﬁgurations were 3s2, 4s2 and 3p6. For Ti atoms, the conﬁgura-
tions were 3s2, 3p6, 3d2, and 4s2. For Mn atoms, the conﬁgurationsFig. 1. This ﬁgure shows a) the atomic lattice primitive cell structure of Ca2TiMnO6,
built with Material Studio, based on the atoms found using XRD data. In this ﬁgure, the
atom positions are shared between the cation B (Ti) and cation B0 (Mn).
Fig. 2. This is brillouin zone (BZ) indicating the high symmetry points for tetragonal
structure, the path in direction of Z/ G/ X/ P/ N/ G.
Fig. 3. This ﬁgure illustrates the variation of convergence against optimization steps in
bulk, for a) up-spin, b) net zero spin and c) down-spin. According to ﬁgure from the
down-spin state, there are more optimization steps are need, in showing more difﬁcult
to converge, comparing to up-spin and net-zero spin.were 4s2 and 3d5. For O atoms, the conﬁgurations were 2s2, 2p4
respectively. These sets of parameters have produced the total
energy convergence of 1  106 eV/atom, maximum force of
0.03 eV/Å, maximum stress of 0.05 GPa, and maximum displace-
ment of 0.001 Å. In providing an accurate description on material,
the degree of accuracy was testiﬁed by comparing Cambridge-
Sequential-Total-Energy-Package CASTEP [22] with SIESTA [25],
with the given datasheet [26]. This simulation required a total of
eight processors to perform. In conﬁguration, “spin polarized”Fig. 4. This ﬁgure shows the variation of the ﬁnal energy calculated against the
optimization steps, for a) up-spin, b) net zero spin and c) down-spin. Similar to Fig. 3,
according to ﬁgure from the down state, there are more optimization steps are need, in
showing more difﬁcult (i.e taking more time) to converge, comparing to up-spin and
net-zero spin.
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included in the calculation. The “Initial spin” optionwas set to “þ2”
for up-spin, “2” for the down spin and “0” was set for net zero
spin.
The self-consistent ﬁeld (SCF) calculation consists of evaluating
the electron density n(r), potential V(r) with numerous iterations,

 h
2
2m
V2 þ VextðrÞ þ V ðinÞðrÞ

jiðrÞ ¼ jiðrÞεiðrÞ
The terms εi(r) and ji(r) represent the Kohn-Sham (KS) energy
and orbital respectively. Vext(r) is the local potential A.K.A. the sum
of PP atomic cores. The term i is the occupied state. The input po-
tential V(in)(r) (as a function of the input charge density r(in)(r)) is
related to exchange-correlation potential Vxc(r) and the input
charge density r(in)(r) given by the formula V ðinÞðrÞ ¼ Vxc½rðinÞðrÞ.
The εi(r) is related to the output charge density r(out)(r) by the
equation rðoutÞðrÞ ¼P
i
jJiðrÞj2. The εi(r) calculated is the electronic
structure of the solid.3. Computational analysis
Here, we studied the structural, electronic properties of the
double perovskite. The space group obtained was one of the twelve
possible groups analyzed theoretically for double perovskite [27].
The atomic positions [17] of Calcium (0, 0.5, 0.25), Titanium (0, 0, 0),
Manganese (0, 0, 0.5), oxygen (0.0, 0.0, 0.254) and oxygen (0.25,
0.25, 0.0) [27] were given. This was shown in Fig.1. The total volume
of the lattice before the structural optimization was 106.87 Å3. The
bandstructure calculation were done after the optimization. There
was a success in convergence after certain number of optimization
steps varying with up, net zero and down spin. They were found in
Figs. 3 and 4. The bulk DFT lattice lengths a ¼ b ¼ c after the
relaxation were found to be 5.32 Å. The total energy calculated was
found to be 6886.72 eV. The bandstructure for the up, net zeroFig. 5. This diagram illustrates the variation of electronic bands with the spin-polarization
components are shown. The quantity D is the split-off energy (in purple). This ﬁgure clearly s
bandgap is opened by 0.063 eV from net-zero state (b) to the up-spin state (a). (For interpre
version of this article.)and down spin were indicated in Fig. 5. The k-points in the desired
k-paths were givenwithin the zone boundary along the direction of
Z/ G/ X/ P/ N/ G as shown in Fig. 2. These paths were
derived from the base-centered tetragonal lattice BZ system. The
beta spin represented the high spin state. Such spin-state so
deﬁned was the conﬁguration where the spins of all the valence
electrons were in parallel, leading to a spin magnitude of zero or
greater. Hence, the magnitude at high spin reached to a maximum
when a valence sub-shell was half-occupied. The alpha spin rep-
resented the low spin state, occurring when the spins of all the
valence electrons were arranged in order to minimize the net spin
creating a magnitude of zero or one. Hence, the magnitude at low
spin reached a minimum when a valence sub-shell was either
empty or fully occupied. To calculate the magnitudes of beta and
alpha spin, a number of assumptions were made: i) beta and alpha
spin magnitudes were calculated, provided that electrons in s and p
orbitals did not contribute to the net spin of an atom. ii) When
determining the electron conﬁguration of an ion, electrons were
removed from the highest energy s and p orbitals ﬁrst. iii) There
were certain exceptions for the ﬁrst positive ionization to be
treated explicitly. Then, second ionizations and beyond were
assumed to follow the above rule. iv) When electrons were inter-
changed to ﬁnd beta or alpha spin, they were not moved from their
initial orbitals. Our data has demonstrated, the up-spin indirect
X/ G bandgap energy and direct G/ G down-spinwere found to
be 1.051 eV and 1.806 eV respectively. We also included the indirect
X/ G energy gap with net zero spin was found to be 0.988 eV. All
bandgap energies reported were in alpha spin state. The split-off
energy D was evaluated by taking the difference between the
Light Hole (LH) band and the Split-Off (SO) band. It was measured
to be 0.44 eV (down-spin) and 0.49 eV (net zero) respectively. Ac-
cording to the literature of Lopez et al., the bandgap energy is 1.3 eV
for the spin-up, while 1.5 eV for spin-down [17]. The valence
bands >4 eVweremainly dominated by the 3 d5 orbitals fromMn
atoms. The top of valence band (VBT) was primarily made up of 2p4, for a) up-spin, b) net zero spin and c) down-spin. Alpha (in black), and beta (in red)
hows that the double perovskite material can emit light at the down-spin state (c). The
tation of the references to colour in this ﬁgure legend, the reader is referred to the web
Fig. 6. This shows the variation of PDOS and total DOS with spin-polarization, for a) up-spin, b) net zero spin and c) down-spin. In this diagram, it shows the 3 d5 alpha state shifts to
the left. The 3 d5 beta state shifts to the right. To conclude, the 3 d5 shifts in the PDOS diagram (see red circle) mainly indicates, such magnetic element is found responsible for the
changes in bandstructure. Inducing the down (up or net zero) spin state can turn the double perovskite material to (in)direct bandgap semiconductor. This allows tuning the spin-
state on the material, to the emission of light. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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for the 3 d2 electron orbitals from Ti atoms, 3 d5 fromMn atoms and
2p4 from O atoms.
Fig. 6 showed the PDOS calculated for up-spin, net zero spin and
down-spin orientations. According the PDOS plot, the peaks
at 39.6 eV and 20.9 eV corresponded to s and p orbital states
from the Ca atoms. The peaks 56.6 eV, 33.4 eV and 2.71 eV
turned out to be s, p and d orbital states from Ti atoms respectively.
The peaks with the values of >20 eV were responsible for the O
atoms. The peaks near to the fermi level were dominated by the
d electron states from theMn atoms. In Fig. 5, the alpha spin state in
up-spin turned out to be the beta spin state in down-spin. Likewise,
the beta spin in up-spin state became the alpha spin in down-spin.
This was explained in Fig. 6, and it was found that the magnetic
element Mn was the only component being responsible for such
phenomenon, where i) for down-spin, the 3 d5 alpha-spin states
shifted towards right and therewas a left shift on the 3 d5 beta-spin
states, ii) for the up-spin, there was a left-shift on 3 d5 alpha-spin
states, while there was a right-shift on 3 d5 beta-spin states.
There were similar trends but not found signiﬁcantly between the
beta-spin and the alpha-spin state on other elements such as Ti and
O atoms, when inducing the up-spin or down-spin. Finally, there
were no shifts found on Ca atoms even with the inducing spin.4. Conclusion
To conclude, the electronic bandstructure calculations identiﬁed
indirect energy gap of 1.051 eV for up-spin and direct 1.806 eV for
the down-spin. The valence bands weremainly dominatedwith the
d states from the Mn atoms and p orbitals from the O atoms. the
conduction bands were made up of the d electron orbitals from the
transitional metals Ti, Mn and p states fromO atoms respectively. Inshort, our PDOS model has reported and explained the reasons
behind the bandstructure conﬁgurations between beta and alpha
spin states, from the up-spin, net zero spin to the down-spin. The
3 d5 electron orbital from the magnetic element Mn is mainly
responsible for the changes in the bandstructure. At the down (up
or net-zero) spin state, the double perovskite becomes (in)direct
bandgap semiconductor and hence (not) able to emit light. Double
perovskite can become a bandgap tunable material, for practical
applications such as: changing the up (down) spin to turn the light
off (on). This phenomenon enables us to extend thework further, in
investigating e.g. the dielectric constants (Re)ε and (Im)ε of this
material. Our work was shown to be more comprehensive and had
a signiﬁcant enhancement over the existing DOS model carried out
by Lopez et al. Our work will have the potential to investigate other
material properties, in exploring the new era of physics.Conﬂict of interests
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